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1 | INTRODUCTION

Abstract

Endogenous progenitor cells may participate in cardiac repair after a myocardial
infarction (Ml). The beta 2 adrenergic receptor (32-AR) pathway induces proliferation
of c-kit+ cardiac progenitor cells (CPC) in vitro. We investigated if R2-AR
pharmacological stimulation could ameliorate endogenous CPC-mediated regenera-
tion after a MI. C-kit+ CPC 31-AR and [32-AR expression was evaluated in vivo and in
vitro. A significant increase in the percentage of CPCs expressing 81-AR and 32-AR
was measured 7 days post-Ml. Accordingly, 24 hrs of low serum and hypoxia in vitro
significantly increased CPC 32-AR expression. Cell viability and differentiation assays
validated a functional role of CPC 32-AR. The effect of pharmacological activation of
B2-AR was studied in C57 mice using fenoterol administered in the drinking water
1 week before MI or sham surgery or at the time of the surgery. Ml induced a
significant increase in the percentage of c-kit+ progenitor cells at 7 days, whereas
pretreatment with fenoterol prolonged this response resulting in a significant
elevated number of CPC up to 21 days post-MlI. This increased number of CPC
correlated with a decrease in infarct size. The immunofluorescence analysis of the
heart tissue for proliferation, apoptosis, macrophage infiltration, cardiomyocytes
surface area, and vessel density showed significant changes on the basis of surgery
but no benefit due to fenoterol treatment. Cardiac function was not ameliorated by
fenoterol administration when evaluated by echocardiography. Our results suggest
that B2-AR stimulation may improve the cardiac repair process by supporting an
endogenous progenitor cell response but is not sufficient to improve the cardiac
function.

KEYWORDS
beta adrenergic receptor, c-kit cells, myocardial infarction (Ml)

aimed at replacing or regenerating the damaged myocardium after a
MI is missing. This is due to an incomplete understanding of the

Improving therapeutics and interventions for ischemic heart disease
remains a significant societal and clinical problem. The coronary
occlusion in a myocardial infarction (MI) results in significant cardiac
cell damage and death. Although, current therapies are able to
attenuate symptoms and prolong life, an efficacious intervention

mechanisms governing endogenous heart regeneration after ische-
mia or an infarction.

Evidence has accumulated over the past 15 years to demon-
strate that cardiac cell turnover occurs in healthy and diseased
tissue. A number of cellular players have been proposed in this




process, including cardiac myocytes and resident or peripheral
progenitor cells (Finan et al., 2013; Finan, Kiedrowski, Turturice,
Sopko, & Penn, 2012; Fransioli et al., 2008; Jopling et al., 2010;
Quaini et al.,, 2002). In particular, c-kit+ cardiac progenitor cells
(CPC) have increasingly received attention. C-kit+ CPC proliferate
in response to a Ml in experimental models (Fransioli et al., 2008;
Urbanek et al, 2003). Their exact role, however, remains
controversial. Initial reports suggested that CPC are multipotent,
participating in the generation of cardiac myocytes and other
mature cardiac lineages (Beltrami et al., 2003; Ellison et al., 2013).
However, current literature suggests a more limited differentia-
tion capacity of CPC, for example, acquiring an endothelial cell
lineage as opposed to a myocyte lineage (Sandstedt, Jonsson,
Lindahl, Jeppsson, & Asp, 2010; van Berlo et al.,, 2014). Never-
theless, CPC can secrete trophic factors to the damaged
myocardium (Le & Chong, 2016). In general, increased activation
of CPC has repeatedly been associated with improved cardiac
function, while their depletion negatively impacts cardiac repair
mechanisms (Dong et al., 2012; Ellison et al., 2013).

The mechanisms involved in the activation of CPC remain
understudied. Interestingly, ischemia resulting from a MI rapidly
activates the sympathetic pathway resulting in local accumulation of
catecholamines in the extracellular space of the myocardium
(Schémig, 1990). This resultant rise of adrenaline and noradrenaline
activates the beta adrenergic receptor pathway, altering the function
of myocyte and nonmyocyte cells. The combination of the increased
activity of the sympathetic nervous system with an enhanced
myocyte sensitivity to adrenergic stimuli has justified the clinical
use of 8 blocking strategies after MI. Beta blockers, either beta 1
adrenergic receptor (31-AR) specific or nonselective, are a standard
treatment after M| and in heart failure (Lohse, Engelhardt, &
Eschenhagen, 2003). Paradoxically, the evidence is mounting to
support the use for beta 2 adrenergic receptor (32-AR) agonists with
reports citing reductions in infarct size after the treatment (Ahmet,
Morrell, Lakatta, & Talan, 2009; Ahmet et al., 2004; Zhang et al.,
2010). Interestingly, B2-AR signaling has been shown to have a
protective and proliferative effect in CPC in vitro (Ellison et al., 2007
Khan et al, 2013). On the basis of this evidence, we tested the
hypothesis that in vivo B2-AR stimulation of endogenous CPC is
beneficial after a MI. Our results indicate that priming with the 82-
AR agonist, fenoterol, prolongs the c-kit+ progenitor cell response
after a MI and reduces infarct size. These data support a potential
protective and regenerative role of 32-AR signaling in endogenous

cardiac repair.

2 | MATERIALS AND METHODS

21 | Animals

All procedures were carried out in conformation with the Directive
2010/63/EU of the European Parliament and the Council of 22
September 2010 for the protection of animals used for scientific
purposes (agreement number: A34-172-38), and with the approval

of the local institutional animal research committee (Languedoc
Roussillon, CEEA-LR-1062). Animals were housed in a temperature
and hygroscopic regulated room (23 + 1°C, 45 + 10% humidity). The
animals were synchronized to a 12 hr day/12 hr night cycle with
access to food and water ad libitum. Eight-week-old male C57BL/6 )
mice (Janvier Labs, Saint Berthevin, France) were used for all

experiments.

2.2 | Myocardial infarction and fenoterol
treatment

Mice were randomly assigned a treatment: Control, Fenoterol at the
time of surgery, or Fenoterol pretreatment 1 week before surgery.
Fenoterol (250 ug/kg/day, Sigma-Aldrich, Saint-Quentin-Fallavier,
France) was administered in the drinking water ad libitum and
maintained throughout the time course of the study (Ahmet et al.,
2004). The surgeon was blinded to the treatment administered to the
mice. To induce MI, mice were anesthetized with 2% isofluorane in
100% O,, administered an analgesic (buprenorphine 0.1 mg/kg
subcutaneously), and ventilated by orotracheal intubation. A left
thoracotomy was performed to expose the heart and, using a 8-0
nylon suture, the left anterior descending (LAD) coronary artery was
tied by the edge of the left atrium (Lucas et al., 2015). Ischemia was
verified by the sudden regional paleness of the myocardium and ST
elevation. The thoracotomy site was closed whilst increasing positive
end expiratory pressure. Sham animals followed the same procedure
except for the omission of the LAD ligation. Animals were killed at 7
or 21 days after Ml or sham surgery (n =7-11 per group) by cervical
dislocation. Post-mortem hearts were submitted to either enzymatic
digestion for flow cytometry analysis or frozen in isopentane for
histological or quantitative real-time polymerase chain reaction

(gPCR) analysis.

2.3 | Echocardiographic assessment of heart
function

Cardiac function was assessed by echocardiography 1 and 3 weeks
after Ml with a Vevo 2100 ultrasound system (Visualsonics,
Amsterdam, Netherlands) using a 40-MHz image transducer and
analysed with Vevo Lab software (version 1.7.1, RRID:SCR_015816).
Echocardiography was performed under general anesthesia (3%
isofluorane during induction, followed by 2% continuous, in 100%
oxygen). Body temperature was monitored with a rectal probe and
maintained at 36-37°C. All images were acquired at heart rates >400
beats/min for a physiologically relevant measurement. Measure-
ments were taken from the LV parasternal long axis (B-mode) views.
From these images, the stroke volume (SV: left ventricular end-
diastolic volume - left ventricular end-systolic volume), cardiac
output (CO: SV * heart rate), and ejection fraction (EF: 100 * [left
ventricular end-diastolic volume - left ventricular end-systolic
volume]/left ventricular end-diastolic volume) were calculated using
the software with the PSLAX Trace Tool. For each echocardiographic
parameter, three images were measured and averaged.



2.4 | Isolation of heart cells

Cardiac cells were isolated, as previously described, from mice killed
by cervical dislocation (Demion et al.,, 2014). Briefly, whole hearts
were retrogradely perfused (Langendorff) at 37°C for 6-8 min with a
modified Tyrode’s solution (in mmol/l: NaCl 113; KCL 4.7; KH2PO4
0.6; Na2HPO4 0.6; MgS0O4 1.2; NaHCO3 12; KHCOS3 10; HEPES 10;
Taurine 30; pH 7.4) containing 0.1g/ml Liberase Dispase High
Research Grade (Roche, Mannheim, Germany) followed by mechan-
ical dissociation. Total isolated cells were then used in flow

cytometry studies or magnetically sorted and placed in culture.

2.5 | Flow cytometric analysis

Cell suspensions (107 cells/ml in flow cytometry buffer), isolated from
hearts, were incubated with a CD16/32 antibody to reduce nonspecific
antibody binding. Cardiac cell suspensions were incubated with LIVE/
DEAD Fixable Green Dead Cell Stain (Thermo Fisher Scientific, Nimes,
France) for 30 min on ice. The cells were then incubated with the
following membrane surface antibodies for 20 min on ice: CD45 vioblue
(1:50, Miltenyi Biotec, Paris, France Cat# 130-110-664, RRI-
D:AB_2658223), CD117 PE (1:10, Miltenyi Biotec, Paris, France Cat#
130-102-795, RRID:AB_2660117), and 1 adrenergic receptor (1:100,
Abcam, Paris, France Cat# ab3442, RRID:AB_10890808) or (2
adrenergic receptor (1:100, Abbexa, Cambridge, UK). The cells were
then stained with a secondary Alexa Fluor 647 antibody (1:500, Thermo
Fisher Scientific, Nimes, France Cat# A21244, RRID:AB_2535812). In
vitro, CPC were cultured in control conditions (complete media, 20%
O,) or in stress conditions (1% FBS, 5% O,) for 24 hr. CPC were
collected and incubated with either a 1 adrenergic receptor or 2
adrenergic receptor antibody followed by a secondary Alexa Fluor 647
antibody. Samples were run on a MACSQuant Analyzer 10 (Miltenyi
Biotec). A multi-color flow analysis was compensated with VersaComp
Antibody Capture Beads (Beckman Coulter, Villepinte, France) stained
with the individual fluorescent antibodies. Results were analyzed on
FlowJo software (Tree Star Inc., Ashland, OR, USA RRID:SCR_008520).

2.6 | Cell culture

CPC were isolated as previously described (Fransioli et al., 2008).
Briefly, digested heart tissue was centrifuged to remove cardiac
myocytes from smaller cells and passed through a 40 um strainer. The
cells were then negatively selected for CD45 by magnetic sorting,
followed by positive selection with CD117 MicroBeads (Miltenyi Biotec,
Paris, France). The resulting CD117+/CD45- CPC population was
cultured in DMEM/F12 media with 10% fetal bovine serum (FBS),
Insulin-Selenium-Transferrin, 10 ng/ml bFGF, 10 ng/ml LIF, 20 ng/ml
EGF, and penicillin/streptomycin. CPC were differentiated in a-MEM,
10% FBS, and 10 nM dexamethasone for 7-10 days.

2.7 | MTT assay

Five thousand CPC were plated per well in a 96-well dish. The cells

were treated with epinephrine 1 nmol/I or fenoterol 1 pmol/l with or

without I1CI-118,551 300 nmol/I for 48 hr in triplicate. At the end of the
time course, the cells were cultured with Thiazolyl Blue Tetrazolium
Bromide (MTT, 0.5 mg/ml) for 4 hours. DMSO was added to the dish to
solubilize the formazan crystals. Absorbance was read at 570 nm.

Relative absorbance was compared with control, nontreated cells.

28 | qRT-PCR

Left ventricular tissue was homogenized in TRl Reagent (Sigma-
Aldrich, Saint-Quentin-Fallavier, France). RNA was isolated from the
tissue or cells with NucleoSpin RNA columns (Macherey Nagel,
Hoerdt, France). RNA was reverse-transcribed with the Verso cDNA
Synthesis Kit (Thermo Fisher Scientific, Nimes, France). Quantitative
PCR of cDNA was performed in duplicate with a SYBR Green-based
assay (Roche, Mannheim, Germany). The expression was normalized
to endogenous Ribosomal Protein PO (RPPO) expression. The data
are reported as relative quantification using the ddCt method. Primer

sequences are available as Supporting Information.

2.9 | Histological assessment

Frozen hearts were sectioned at 10 um and underwent Masson’s
trichrome staining to measure the infarct size. Whole sections were
imaged at 1x on a zoom microscope (Nikon AZ100). Infarct size was
measured as the percentage of left ventricular area and epicardial
and endocardial length.

Sections were incubated with fluorescein-conjugated isolectin (1:50,
Laboratories, Peterborough, UK, Cat# FL-1201, RRI-
D:AB_2314663) to identify endothelium or rhodamine conjugated
wheat germ agglutinin (1:100, Vector Laboratories, Peterborough, UK,
Cat# FL-1022, RRID:AB_2336871) to label cardiac myocytes. Prolifer-
ating and c-kit cells were examined by immunostaining for ki-67 and

Vector

CD117, respectively. Sections were stained with a rabbit monoclonal ki-
67 (1:200, Thermo Fisher Scientific, Nimes, France Cat# MA5-14520,
RRID:AB_10979488) or a goat polyclonal CD117 antibody (15 pg/ml,
R&D Systems, Lille, France Cat# AF1356, RRID:AB_354750). Mast cells
were identified with a rabbit monoclonal tryptase antibody (1:500,
Abcam, Paris, France Cat# ab134931, RRID:AB_2783526). Macro-
phages were detected by a rat antimouse F4/80 antibody (Bio-Rad,
Grabels, France, Cat# MCA497GA, RRID:AB_323806). Alexa Fluor
donkey anti-Rabbit 488 (1:500, Thermo Fisher Scientific, Nimes, France
Cat# A-21206, RRID:AB_2535792), Alexa Fluor goat anti-Rat 488
(1:500, Thermo Fisher Scientific, Nimes, France Cat# A-11006,
RRID:AB_2534074), or Alexa Fluor donkey anti-Goat 555 (1:500,
Thermo Fisher Scientificc Nimes, France Cat# A-21432, RRI-
D:AB_2535853) were used to identify ki-67 and tryptase, macrophages,
or CD117, respectively.

Apoptotic nuclei were detected in heart sections by in situ
terminal deoxynucleotidyl transferase (TdT)-mediated digoxigenin-
conjugated deoxyuridine triphosphate (dUTP) nick end-labeling
(TUNEL) with the Click-iT TUNEL Alexa Fluor 594 imaging assay
(Thermo Fisher Scientific, Nimes, France , C10246). After parafor-

maldehyde post-fixation, slides were incubated with Proteinase K for



15 min followed by an additional paraformaldehyde fixation of 5 min.
Slides were then incubated with the TdT reaction buffer for 10 min. A
buffer containing EAUTP and the TdT enzyme were combined on the
slides for 60 min at 37°C to induce the TdT reaction. Slides were then
washed with deionized water and permeabilized with PBS, 3% BSA,
and 0.1% Triton X-100 for 5 min. After a PBS wash, the Click-iT Plus
TUNEL reaction cocktail containing the Alexa Fluor 594 dye was
added to the slides for 30 min at 37°C. Sections were stained with
4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI) to mark the
nuclei and mounted.

Samples were blinded before imaging and analysis. Six to eleven
random fields in Ml or sham hearts were imaged at 20x for each
section on an upright fluorescent microscope (Zeiss Imager M1).
Myocyte cross-sectional surface area was quantified on at least 50
transversal myocytes per section. Vessel, proliferation, macrophages,
mast cells, TUNEL, and CD117 positive cell density per section were
quantified. All image analysis was performed with Image) software
(RRID:SCR_003070).

2.10 | Statistics

Values are represented as mean + SEM. Paired data were evaluated
using Student’s t test. Group differences between the surgery and
treatments were evaluated using the two-way analysis of variance
followed by Tukey’s post-hoc analysis. All statistical analysis was
done using GraphPad Prism (Version 6.01, RRID:SCR_002798).

p value < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Increased B2-ARs expression on CPC after
stress conditions in vivo and in vitro

131-AR and B2-AR levels on c-kit+/CD45- CPC was evaluated in cardiac
tissue 7 days post-Ml or sham surgery by flow cytometry. Ml resulted in
a significant increase of CPC expressing B81-AR and B2-AR (3.3- and 4.1-
fold change compared with sham, Figure 1a, 1b). To mimic a Ml in vitro,
CPC were cultured in reduced serum (1% FBS) and low O, (5%). After
24 hrs, the percentage of CPC expressing either 31-AR or 32-AR was
unchanged compared with control conditions (complete media and
normoxia, example flow cytometry histograms in Figure S1). However,
in vitro cellular stress significantly increased the mean fluorescence
intensity of B2-AR on CPC (3.4-fold difference, Figure 1d) suggesting an
elevated expression level. 81-AR mean fluorescence intensity varied
greatly after in vitro stress depending on the CPC preparation and was
determined as insignificant (Figure 1c). Quantitative PCR validated the
flow cytometry results indicating increased Adrb2, but not Adrb1, (32-
AR and R1-AR mRNA, respectively) after in vitro stress (Figure 1e, 1f).

3.2 | Functional role of B2-ARs on CPC

CPC were treated with epinephrine, a nonselective adrenergic

agonist (1 nmol/l), or fenoterol, a B2-AR agonist (1 umol/l), for

48 hr. Treatment with either agonist increased CPC MTT cell
viability, suggesting increased cell proliferation (Figure 2a).
Co-treatment with the B2-AR antagonist ICI-118, 551 reversed the
proliferative effect to control.

The effect of B2-AR stimulation during in vitro CPC differentia-
tion was determined using dexamethasone in the presence or not of
fenoterol. Quantitative PCR demonstrated an increase of cardiac
troponin T, o smooth muscle actin, and von Willebrand factor
messenger RNA (mRNA) after dexamethasone-induced differentia-
tion, suggesting the acquisition of mature cardiac genes (Figure 2b).
Interestingly, differentiation in the presence of fenoterol maintained
cardiac troponin T and a smooth muscle actin mRNA expression to
levels similar to undifferentiated cells. Fenoterol treatment did not
reduce the capacity of CPC to express the endothelial cell gene von

willebrand factor after dexamethasone treatment.

3.3 | Pretreatment with fenoterol prolongs the
elevation of c-kit+ cells after myocardial infarction

The effect of B2-AR stimulation on CPC was evaluated in vivo during
experimental MI. Fenoterol was administered in the drinking water
after sham or Ml surgery and until sacrifice. An additional group of mice
was pretreated with fenoterol starting 1 week before surgery, with the
treatment maintained throughout the experiment. Myocardial infarction
(MI) resulted in a significant increase in c-kit+ cells as determined by
immunohistochemistry (Figure 3). The effect of Ml on c-kit levels was
exhausted 21 days post-MI (Figure 3b). Remarkably, pretreatment with
fenoterol, but not administration of fenoterol at the time of M,
significantly  increased the  percentage of c-kit+ cells
7 days post-surgery and this effect was sustained and remained
significant at 21 days post-surgery. Quantitative PCR analysis confirmed
the immunofluorescence results with increased c-kit mRNA levels at 7
and 21 days post-Ml in cardiac tissue of mice pretreated with fenoterol
compared with nontreated mice (Figure 3d).

To ensure that the c-kit+ cells were not of mast cell origin,
colocalization of c-kit and tryptase was examined. A morphologic
difference was apparent between the two cell populations. C-kit
single positive cells had a smaller, spindle-shape (Figure 3g), whereas
c-kit/tryptase double positive cells were large and granular
(Figure 3h). The percentage of tryptase positive c-kit cells was
negligible, particularly 7 days post-MI where less than 4% of the c-kit
cells were double positive (Figure 3e). The percentage of tryptase-
positive cells that coexpressed c-kit, however, was much more
important with the majority or the entire tryptase population being
double positive at 21 days post-MI (Figure 3f). These data support
that there is a limited contribution of mast cells in the elevated c-kit

levels detected with the pretreatment of fenoterol.

3.4 | Fenoterol treatment reduces infarct size

Cardiac tissues were stained with Masson’s Trichrome to determine
infarct size (Figure 4a). Infarct size was calculated by the percentage

infarct area (Figure 4b), percentage epicardial length (Figure 4c), and
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FIGURE 1 Stress conditions increase beta 1 and beta 2 adrenergic receptor (31-AR and 82-AR) expression on CPC in vivo and in vitro. The
percentage of CPC expressing B1-AR (a) and B2-AR (b) 7 days post-sham or myocardial infarction (PMI) was evaluated by flow cytometry (n=6
per group, *p < 0.05, ****p < 0.0001 by unpaired t test). CPC in vitro were cultured in control conditions of normoxia and complete media or “MI”
conditions with hypoxia and low serum (1% FBS). After 24 hrs, the cells were analyzed by flow cytometry for the median fluorescence intensity
of B1-AR (c) and 82-AR (d). Quantitative PCR analysis was performed to evaluate Adrb1 (e) and Adrb2 (f) mRNA changes in the various culture
conditions (n =3, 4 per group, *p < 0.05, **p < 0.01 compared with complete media, 20% O, by unpaired t test). B1-AR: beta 1 adrenergic
receptor; CPC: cardiac progenitor cells; FBS: fetal bovine serum; MI: myocardial infarction; mRNA: messenger RNA

percentage endocardial length (Figure 4d). In all three measurements,
pretreatment with fenoterol significantly decreased infarct size

compared with nontreated animals.

3.5 | Cardiac remodeling after Ml and fenoterol
treatment

Cardiac hypertrophy was confirmed post-mortem as a result of MI,
with no visible benefit from fenoterol treatment (Figure S2). Heart
function was examined by echocardiography at 7 and 21 days post-
surgery (Figure 4ef). MI significantly reduced ejection fraction,

whereas pretreatment with fenoterol provoked only a trend increase
of ejection fraction at 7 and 21 days post-MI (=20% nontreated vs.
26% pretreated fenoterol).

The cell proliferative response to Ml was evaluated by ki-67
staining (Figure 5a). At 7 and 21 days post-Ml, the number of
proliferative cells in the myocardium was elevated compared with
sham (Figure 5b, 5c). Fenoterol treatment did not change the
number of total proliferating cells at 7 or 21 days, either in sham
or Ml mice. Fenoterol treatment increased the percentage of ki-67
positive c-kit cells, however, the effect was not significant
(Figure 5d).
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bromide; qPCR: quantitative polymerase chain reaction

Ml significantly reduced vessel density in the myocardium at 7 and 21
days (Figure 6b, 6c). Pretreatment with fenoterol decreased vessel
density in sham and Ml tissues compared with nontreated animals. The
negative effect of fenoterol was transient and not significant 21 days
post-Ml.

Ml significantly induced cardiac myocyte hypertrophy as deter-
mined by cross-sectional surface area quantification (Figure 6a).
Hypertrophy was apparent at the infarct border zone 7 and 21 days
post-MI (Figure 6d,e). Fenoterol treatment had no effect on cardiac
myocyte hypertrophic adaptation.

As expected, MI significantly increased the presence of macro-
phages and TUNEL+ cells in the myocardium 7 days post-Ml
(Figure 7). Fenoterol treatment did not alter macrophage infiltration
nor the overall number of apoptotic cells.

4 | DISCUSSION

Our data support a link between R2-AR signaling and endogenous
CPC. We demonstrated that R2-AR expression on CPC is increased

in response to cellular stress and plays a role in CPC viability and
differentiation. In vivo, priming with the 32-AR agonist fenoterol
maintains elevated levels of c-kit+ CPC longer after MI. Elevated
CPC levels were associated with a decrease in infarct size. These data
support a protective or reparative role of R2-AR signaling after a Ml
by enhancement of the endogenous CPC response.

Significant efforts are being directed at determining approaches
to augment the natural CPC response to ischemic injury, aspiring to
improve endogenous cardiac healing (Finan & Richard, 2015).
Enhancing the CPC response could be a potential therapeutic
approach to diminish injury after a MI. Manipulating or exploiting
signaling pathways that occur naturally after a Ml could be a means
to expand this innate, but inefficient, repair process. After a Ml, the
sympathetic nervous system releases excessive amounts of the
catecholamines, epinephrine, and norepinephrine (Schémig, 1990).
These catecholamines can act directly on resident cardiac myocytes
but also on other cells types. For example, catecholaminergic
signaling can regulate the egress of bone marrow stem cells from
their niche (Katayama et al., 2006; Lucas et al., 2012). CPC have been
demonstrated to express beta adrenergic receptors that may be
implicated in their survival and proliferation state (Ellison et al.,
2007; Khan et al., 2013). The implications of this pathway on CPC in
vivo may provide insights on improving a natural, endogenous repair
process.

B1-AR expression is common in the myocardium and cardiac
myocytes (Bristow et al., 1986; Myagmar et al., 2017). In failing
hearts and with increased age, 81-AR is downregulated, whereas
32-AR remains unchanged (Bristow et al., 1986; White et al., 1994).
The changes in beta adrenergic receptor desensitization and cellular
localization are thought to protect the heart (Najafi, Sequeira,
Kuster, & van der Velden, 2016; Rybin, Xu, Lisanti, & Steinberg,
2000). Our results show that the expression of beta adrenergic
receptors on CPC is dynamic by responding to stress conditions, both
in vivo and in vitro. A higher percentage of CPC expressing 31-AR or
B2-AR was found 1 week after ML. In vitro analysis of CPC in low
serum and hypoxic conditions correlated with the in vivo study and
32-AR protein and Adrb2 mRNA levels were significantly elevated in
response to cellular stress. These data suggest an adaptation of CPC
to their environment and that beta adrenergic receptor signaling,
particularly B2-AR, may play a role in the response of CPC to
pathologic conditions. It remains to be determined if beta adrenergic
receptors on CPC can be desensitized after long term exposure as
has been described for other cell types (Benovic, Strasser, Caron, &
Lefkowitz, 1986; Shi et al., 2017).

Gender and age may also have effects on B-AR expression and
signaling. Animal studies have demonstrated a higher B-AR density
on male cardiac myocytes compared with female myocytes (Vizgirdi
et al., 2002). This difference may be more pronounced with age,
where old male hearts have a diminished response to catecholamines
compared with young male and old and young female hearts (Takagi
et al., 2003). There are few studies that observe a difference in
catecholaminergic signaling between human males and females

(Keller & Howlett, 2016). In vitro sex-related biological responses
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of human CPC have been described for TNF-a signaling (Straface
et al,, 2017). Age-related differences in CPC have also been reported
(Rota, Goichberg, Anversa, & Leri, 2015). Our current study is limited
with a focus on young male mice. Future studies are required to
extend the information presented herein to the realm of gender and
age differences.

Our study is in agreement with previous reports demonstrating
that MI produces a transient rise in the c-kit+ CPC population (Dong
et al., 2012; Fransioli et al., 2008). CPC were significantly increased in
the left ventricle 7 days post-MI but had returned to normal levels by
21 days post-Ml. In support of a functional role of 82-AR on CPC,

treatment with fenoterol before Ml resulted in prolonged, elevated

levels of c-kit+ cells in the myocardium as demonstrated by both
qPCR and immunohistochemistry. The contribution of mast cells in
the
negligible. Functionality of CPC R2-AR was confirmed in vitro

increased c-kit population after fenoterol treatment was

through viability and differentiation assays. Both epinephrine and
fenoterol stimulated CPC viability by MTT suggesting an increase in
proliferation. This response was reversed when 82-AR were blocked
by ICI-118,551. A pro-proliferative in vitro effect of B2-AR
stimulation has been similarly reported previously (Ellison et al.,
2007; Khan et al., 2013; Wallner et al., 2016). This study is limited
because of the inability to determine if the c-kit+ cells in the

myocardium are, in fact, resident CPC, recruited peripheral c-kit+
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progenitor cells, or a combination of both populations. Regardless of
the origin of the c-kit+ cells, the accumulation of c-kit+ cells in the
heart after a Ml has repeatedly been associated with improved
cardiac repair (Dong et al, 2012; Fazel, 2006). Therefore, the
importance of the maintained elevated levels of c-kit+ cells in the
heart 3 weeks PMI is not diminished despite the experimental
limitations of the study.

One of the proposed functions of CPC is their ability to
differentiate into more mature cardiac cell types (Beltrami et al.,
2003; Ellison et al.,, 2013; Fanton et al., 2016). The B2-AR pathway
has previously been suggested to affect the stemness/commitment
balance of cardiac progenitor cells (Pagano et al., 2018). Here, we

demonstrated that the differentiation of CPC after dexamethasone
treatment increases the expression of genes associated with mature
cardiac cells, cardiac myocytes, smooth muscle cells, and endothelial
cells. Interestingly, a B2-AR agonist blunted the differentiation of the
cardiac myocyte and smooth muscle cell lineage without affecting
endothelial cell mRNA expression. The effect of fenoterol on CPC
cardiac differentiation may, in part, explain the lack of functional
improvement with an increased CPC number even if in vivo CPC
cardiac myocyte differentiation has been suggested to be negligible
(van Berlo et al., 2014). Fenoterol pretreatment in vivo resulted in an
early drop in myocardial vessel density that was recovered by 21
days. A secondary, negative effect of fenoterol on vessels may
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account for this initial effect (Hirst et al., 2004). However, the
increased CPC number with a maintained efficiency to differentiate
into endothelial cells may have compensated for this effect at the 21
day time point. Further studies are required to clarify the effect of
beta adrenergic receptor signaling on the viability and migration of
CPC (Ellison et al., 2007; Galasso et al., 2013).

We found a benefit of fenoterol treatment on infarct size and
resident CPC only in animals treated 1 week before surgery. It is well
known that MI induces excessive catecholamine release (Lameris
et al, 2000; Prichard, Owens, Smith, & Walden, 1991; Schomig,
1990). The post-MI exogenous stimulation of B2-AR by fenoterol
may have a negligible effect when compared with the endogenous
catecholamines. Nevertheless, the benefit of fenoterol pretreatment
fits the concept of preconditioning. In vitro preconditioning of
progenitor cells for myocardial regeneration by growth factors,
hypoxia, or even fenoterol has been demonstrated to improve cell
survival in vivo and to improve cardiac repair (Hinkel, 2016; Khan
et al, 2013; Mayorga, Finan, & Penn, 2009). Preconditioning
performed in a porcine model of M| was associated with increased
mobilization of peripheral progenitor cells (Lukovic et al, 2016).
While it is currently unknown if preconditioning in vivo stimulates
endogenous CPC, it could potentially be hypothesized that stimula-
tion of B2-AR by fenoterol could prime the CPC population thus
resulting in an improved response.

Studies of beta adrenergic receptor signaling in the heart have
primarily focused on its role in controlling heart rhythm and

contractile force. In heart failure, the downstream Gi pathway
induced by beta adrenergic receptors stimulation results in cardiac
maladaptive remodeling and failure (Woo & Xiao, 2012). In particular,
B2-AR stimulation can negatively alter cardiac myocyte contractility,
beat rate, and arrhythmogenicity (Lang et al., 2015; Woo & Xiao,
2012). Conversely, B2-AR signaling can also be cardioprotective by
favoring an Akt/antiapoptotic pathway (Communal, Singh, Pimentel,
& Colucci, 1998; Communal, Singh, Sawyer, & Colucci, 1999). There is
clearly a balance between RB2-AR signaling being beneficial or
detrimental. Importantly, in this study, we used fenoterol, which is
selective for the favorable Gs pathway (Fajardo et al., 2013; Xiao
et al., 2003). Fenoterol has been demonstrated to be beneficial in
models of hypertension, dilated cardiomyopathy, and doxorubicin
cardiotoxicity (Ahmet et al., 2009; Ahmet et al, 2004; Bernstein
et al,, 2005). These studies also indicated functional improvements
with fenoterol. Fenoterol was associated with improved cardiac
remodeling by decreased infarct size in our study but these
improvements did not translate into favorable LV function. The
exact reason for this is unclear. This discordant phenomenon has
been evidenced in other studies, including preclinical and clinical
trials (Janssens et al., 2006; Makkar et al., 2012; Moelker et al., 2006;
Roncalli et al., 2011). It has been suggested that improvements in
infarct size alone are not sufficient to improve cardiac function as
ejection fraction is influenced by a number of confounding factors
including electrical activation pattern, rhythm, and neurohormonal
balance (Makkar et al., 2012).



Overall apoptotic levels in the myocardium were similar between
nontreated and fenoterol-treated animals. As B2-AR signaling favors
the Akt/antiapoptotic pathway in in vitro cardiac myocytes, the
reasons behind our results are unclear (Communal et al., 1998;
Communal et al.,, 1999). Future examination of the apoptotic cells in
vivo after 32-AR agonist treatment could determine if this method of
stimulation favors specifically an anti-apoptotic effect solely in
cardiac myocytes or if other cell populations are favorably or
detrimentally affected.

While this study primarily focused on the effect of fenoterol and
B2-AR stimulation to manipulate the endogenous CPC population,
the effect of fenoterol on macrophage infiltration was also examined.
The importance of B2-AR signaling in leukocyte recruitment after a
MI has previously been reported (Grisanti et al., 2016; Grisanti,
Traynham et al, 2016). These studies demonstrated that lack of
B2-AR expression in bone marrow cells and their leukocyte
progenitors results in a decreased immune cell recruitment after a
MI. On the basis of these studies, it would be expected that
stimulation of B2-AR would increase the inflammatory response
post-MI. However, in our study, we did not find any significant effects
on macrophage accumulation in the myocardium with fenoterol
treatment 7 days post-MIl. This may again be because of the
endogenous catecholamine levels that naturally occur after a MI.
The levels may be so high that the addition of 32-AR antagonism by
fenoterol in the tested dose does not augment the endogenous
response. This likely applies to the c-kit cell response where the
treatment of fenoterol, at the time of PMI, did not improve the CPC
response. 32-AR pre-stimulation alone may be sufficient to prime a
c-kit+ cell response but not one of a macrophage.

In summary, our results provide evidence that R2-AR signaling
may stimulate an endogenous cardiac repair process by supporting a
CPC response. 32-AR agonism stimulates CPC viability both in vitro
and in vivo, prolonging elevated levels of CPC in response to M. This,
in turn, sustains an endogenous cardiac repair process, improving
infarct size. While the clinical relevance of a [2-AR agonist
pretreatment is limited, this study expands on antecedent studies
suggesting that 32-AR agonists may provide an effective approach to

augmenting endogenous cardiac repair.
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